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Abstract
We study the one-loop effects of charginos and neutralinos on the helicity amplitudes
for e+e− ! W+W− in the minimal supersymmetric standard model. The calculation is
tested by using two methods. First, the sum rule for the form factors between e+e− !
W+W− and the process where the external W bosons are replaced by the corresponding
Goldstone bosons ω is employed to test the analytic expression and the accuracy of the
numerical program. Second, the decoupling property in the large mass limit is used to test
the overall normalization of the amplitudes. These two tests are most effectively carried
out when the amplitudes are expanded in terms of the modified minimal subtraction (MS )
couplings of the standard model. The resulting perturbation expansion is valid at collider
energies below and around the threshold of the light supersymmetric particles. We find
that the corrections to the cross section of the longitudinally polarized W -pair production
can be as large as −1.4% at the threshold of the light chargino-pair production for large
scattering angles. We also study the effects of the CP -violating phase in the chargino
and neutralino sectors on the helicity amplitudes. We find that the resulting CP -violating
asymmetries can be at most 0.1%.
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1 Introduction
W -boson-pair production has been the benchmark process of the CERN e+e− collider LEP2, and
will continue being so at future linear e+e− collider experiments because of its large production rate
and its possible sensitivity to the physics of electroweak symmetry breakdown. At linear colliders,
precise measurements of the masses of the W boson, top quark, and possibly the Higgs boson will
be achieved, and there is hope of detecting new physics signals through radiative corrections in the
triple gauge boson (WWγ and WWZ) vertices. In particular, if nature is described by the model
with weak scale supersymmetry (SUSY), radiative corrections due to supersymmetric particles are
expected.
In this paper, we show the one-loop eects of charginos and neutralinos on the helicity amplitudes
of on-shell W -pair production in the minimal supersymmetric standard model (MSSM). A study of
the contribution from squarks and sleptons has been reported in Ref. [1], and the range of one-loop
corrections in the MSSM has been studied in the literature [2].
In Sec. 2, we review the essential aspects of the form-factor formalism and the helicity amplitudes
for the process e+e− ! W+W−. A form-factor decomposition of helicity amplitudes [3, 4, 5] is
useful to calculate the one-loop eects, and hence we present our result by extending the formalism
of Ref. [6] such that the unphysical scalar polarization of the nal-state W bosons can also be
studied [7, 8]. These scalar polarization contributions and the process including the Nambu-Goldstone
boson (e+e− ! !+ W−) are necessary to perform the test by using the Becchi-Rouet-Stora (BRS)
sum rules [8].
In Sec. 3, the one-loop chargino and neutralino eects on the gauge couplings, the weak boson
masses, and the form factors are presented in the modied minimal subtraction (MS) scheme [9].
In Sec. 4, our one-loop calculation for the amplitude is tested by using the BRS sum rule and
the decoupling property. First, the BRS sum rule for the form factors between e+e− ! W+W−
and e+e− ! !+ W− is used to test the analytic expressions and the accuracy of the numerical
program. This test is useful in the process e+e− ! W+W− where the gauge theory cancellation
among one-loop diagrams becomes severe at high energies. We conrm numerically that the form
factors satisfy the BRS sum rule within the expected accuracy of the numerical program. Second,
the decoupling property in the large mass limit is used to test the normalization of the amplitudes.
By expanding the one-loop amplitudes in terms of the MS couplings of the SM, the decoupling of
the SUSY particle eects is made manifest in the large mass limit. This test ensures the validity
of the renormalization scheme and conrms the overall normalization factors such as the external
wave-function contribution, which cannot be tested by the BRS sum rules. We nd that the above
two tests are most eectively carried out when the amplitudes are expanded in terms of the MS
couplings of the standard model. The resulting perturbation expansion is valid at collider energies
below and around the light SUSY particle thresholds.
In Sec. 5, we present a numerical study of the e+e− ! W+W− helicity amplitudes. We also
examine the eects of the CP -violating phases of the chargino and neutralino sector. In Sec. 6 we
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present our conclusion.
In Appendix A, we summarize our notation for the mass terms and the interactions of the chargino
and neutralino sector of the MSSM. The formulas for the one-loop contributions to the two-point
functions and the vertex functions are listed in Appendix B.
2 The helicity amplitudes
2.1 e+e− ! W+W−
We consider the process
e−(k; ) + e+(k; ) ! W−(p; ) + W+(p; ); (2.1)
where the incoming momenta of e− and e+ are k and k as well as the outgoing momenta of W− and




 ), and that of
the outgoing W− (W+) is given by  (). In the limit of massless electrons, only the  = − helicity
amplitudes survive. They are written for each set of f; ; g as [6, 8]
M (e+e− ! W+W−) =
16∑
i=1
Fi; (s; t) j(k; k; )T

i (p; )
(p; ) ; (2.2)
where all dynamical information is contained in the form factors Fi; (s; t) with s = (k +k)
2  q2 and
t = (k−p)2. The other factors in Eq. (2.2) are of a purely kinematical nature; (p; ) and (p; )
are the polarization vectors for W− and W+, respectively, and j(k; k; ) is the massless-electron
current. The 16 independent basis tensors T i are dened by Eqs. (2.6) in Ref. [8]. Processes with
physically polarized W bosons (;  = −; + or 0) are described by the rst nine form factors (i = 1
to 9 for  = 1).









(F3; − iF4;  F5; ) iF6;  (  2 cos )F8;  4γ2 cos F9;





(F3; + iF4;  F5; ) iF6;  (  2 cos )F8;  4γ2 cos F9;





−F1;  iF6;  4i2γ2F7; + cos F8; + 4γ2F9;
]
sin ; (2.3d)
M = s(F8; − 4γ2F9; )(  cos ) sin ; (2.3e)
where the scattering angle  is measured between the momentum vectors of the e− and W−,
 =
√
1−m2W =E2W ; γ = EW =mW ; EW =
p
s=2 ; (2.4)
in the center-of-mass frame of e+e− collision. The properties of Fi; (s; t) under the discrete transfor-
mations of the charge conjugation (C), the parity inversion (P ), and the combined transformation
CP are summarized in Table 1. There are six CP -violating form factors (F4; , F6; , and F7; ).
1In Ref. [1], there is a typo in the expression for M0±. The corrected one is given in Eq. (2.3c) in this paper.
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F1 F2 F3 F4 F5 F6 F7 F8 F9
C + + + − − + + + −
P + + + + − − − + −
CP + + + − + − − + +
Table 1: The properties of the form factors Fi; (s; t) under the discrete transformations C, P , and
CP . Only those that contribute to physical processes are listed.
The remaining 14 form factors (i = 10 to 16 for  = 1) contribute to the amplitudes including
unphysical polarizations of the W bosons (;  = S), where the polarization vectors are (p;  =
S) = p=mW and 
(p;  = S) = p=mW .
2.2 e+e− ! !+W−
To test the e+e− ! W+W− form factors by using the BRS sum rules, we also calculate the
unphysical process
e−(k; ) + e+(k; ) ! W−(p; ) + !+(p); (2.5)
where !+ is the Nambu-Goldstone boson associated with W+. Our phase convention for !+ is that
of Ref. [7]. We decompose the helicity amplitudes as
M (e+e− ! !+W−) = i
4∑
i=1




In Eq. (2.6), there are four independent basis tensors, Si (i = 1−4), corresponding to the four (three
physical plus one scalar) polarizations of the W− boson. The form factors are given by Hi; (s; t).
The basis tensors Si are given in Eq. (2.9) of Ref [8].
3 One-loop chargino and neutralino contributions
In this section, we calculate the one-loop contributions of charginos and neutralinos to the form
factors Fi; for e
+e− ! W+W− and Hi; for e+e− ! !+W−. The Lagrangian for the chargino and
neutralino sector of the MSSM [10] is given in Appendix A, in order to x our notation.
3.1 The renormalization scheme
We explain our renormalization scheme of the MSSM parameters, which is designed to make the
BRS sum rules exact in the one-loop order. First, we take the physical W boson mass mW as one of




of the MSSM are used as the expansion parameters for perturbation calculation. They are obtained
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where all the additional particles in the MSSM (squarks, sleptons, and extra Higgs bosons) are
assumed to be heavy. Only the chargino mass m˜−i
(i = 1 and 2) appears in the matching conditions,
and the matrices (D)ij that relate the weak eigenstates to the mass eigenstates are dened in
Appendix B 3. The numerical results of this report are obtained for
mW = 80:41 GeV; e^
2
SM(mZ)=(4) = 1=128:06; and s^
2
SM(mZ) = 0:2313; (3.2)
where the values of e^2SM(mZ) and s^
2
SM(mZ) are obtained for mt = 175 GeV. The remaining MS
coupling constants of the SM are then calculated in the leading order by using Eqs. (3.5a) and
(3.5b) in Ref. [1]. The above conditions ensure that physical observables at low energies remain
the same when all the chargino and neutralino masses are large. In this paper, we do not consider
contributions of sfermions, gluinos, or additional Higgs scalar bosons. These particles are assumed
to be very heavy, and we work within the eective MSSM with light charginos and neutralinos. The
three input parameters fmW ; e^2(R); s^2(R)g are consistently employed in the evaluation of all loop
integrals and form factors, as well as the chargino and neutralino mixing matrix elements. All the
terms of the relevant diagrams are expanded in powers of the MS coupling g^2 (or e^2), and the terms
up to O(g^4) are taken into account.























2) is the W boson two-point function in the MS scheme [11], whose chargino and


















+  : (3.5)
The chargino and neutralino contributions to the two-point functions WWT and 
ZZ
T are given in
Appendix B 3, and the deviation from the tree-level expression is denoted by . In order to preserve
the BRS invariance of the one-loop amplitudes exact, the Z-boson propagator should be expanded













3.2 One-loop form factors











i; are the O(g^2) and O(g^4) contributions, respectively. We are interested in the
e+e− ! W+W− amplitudes for physically polarized W bosons (;  = 0;). In order to test the
form factors by using the BRS sum rules, we also have to consider the cases in which one or two
external W bosons have scalar polarization; i.e.,  and/or  = S. Since the BRS sum rules can test
the form factors except for the overall factors such as the wave-function renormalization contribution,
we nd it convenient to divide the one-loop contribution F
(1)
i; into the following two parts: One is
the contributions of the external W -boson wave-function renormalization (F
(1)ext
i; ), and the other is
the rest (F
(1)int







i;  F˜i; + F (1)exti; : (3.8)
The explicit forms of F˜i; and F
(1)ext
i; are given in Appendix B 1. Here, F˜i; includes all the one-
loop as well as tree-level contributions except for the external W -boson wave-function corrections.
This part of the form factors, F˜i; , will be tested by the BRS sum rules in Sec. 4.1, while the
overall normalization is veried by using the decoupling property of the chargino and neutralino
contributions in the large chargino and neutralino mass limit in Sec. 5.2. For the BRS test we have
to calculate all 32 form factors F˜i; (i = 1−16) for each  , while we have to calculate the F (1)exti; only
for the physical external W lines (i = 1 − 9). The one-loop level form factors Hi; for the process
e+e− ! !+W− are given in Appendix B 2.
4 Test of the loop calculation
The purpose of this paper is to evaluate quantitatively the one-loop contributions of charginos and
neutralinos to the process e+e− ! W+W−. In order to ensure the correctness of our calculation, we
examine in this section the BRS invariance of our one-loop amplitudes and the decoupling behavior
of the SUSY eects in the large mass limit of charginos and neutralinos.
4.1 The BRS sum rules for the e+e− ! W+W− form factors
The standard electroweak theory after gauge xing is invariant under global BRS symmetry, so
that the amplitudes, that include external massive gauge bosons are related to the amplitudes where
some of those gauge bosons are replaced by their Nambu-Goldstone-boson counterparts. From the








e+e− ! !+ W−P
)
= 0 ; (4.1)
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where WP denotes the physical W -boson states ( = 1; 0) and WS denotes its scalar polarization









F˜3; (s; t)− i F˜4; (s; t)
}
+ 42 F˜8; (s; t) + F˜13; (s; t) = C
BRS
mod H1; (s; t) ; (4.3a)
−F˜1; (s; t) + 2γ2 F˜2; (s; t) + 1
2
F˜3; (s; t) +
i
2
F˜4; (s; t) + F˜14; (s; t) = C
BRS
mod H2; (s; t) ; (4.3b)
−1
2
F˜5; (s; t)− i
2
F˜6; (s; t)− 
2
F˜8; (s; t) + 2
2 F˜9; (s; t) + F˜15; (s; t) = C
BRS






s + 2t− 2m2W
4m2W
: (4.4)
Among the 18 physical form factors (F˜1; through F˜9; for  = 1), all but the two CP -violating form
factors F˜7; ( = ) appear in the sum rules. The form factors F˜7; should be tested by other means.
We nd that the chargino and neutralino contributions to F˜7; are zero at the one-loop order. The
remaining 16 physical form factors are tested by the sum rules (4.3a)-(4.3c), where F˜13; through F˜15;
are obtained from the e+e− ! W+W− amplitude, and H1; through H3; from the e+e− ! !+W−
amplitude. This extra eort is worthwhile because the test is very powerful; each form factor has its
own complicated dependence on s and t.
We apply the BRS sum rules also for testing the numerical program. For this purpose, we have
formulated the BRS sum rules to hold exactly for the one-loop form factors. Both sides of the six
BRS sum rules should then agree within the expected accuracy of the numerical computation. We
have conrmed that all six sum rules (4.3a)-(4.3c) hold to better than 11-digit accuracy at e+e−
collision energies
p
s at 200, 500, and 1000 GeV. In the evaluation of the scalar one-loop integral
functions, we have partly used the Fortran FF package [12].
4.2 Decoupling limit
The one-loop eects of the SUSY particles should decouple from the low energy observable in the
large mass limit. The theory should then become eectively the SM. In the MS scheme, perturbation
expansion is performed by the MS couplings of the MSSM, so that it is nontrivial to see the above
statement of the decoupling clearly. In order to show the decoupling openly, we use the MS couplings
of the SM as the expansion parameter of the perturbation theory. This is clearly the most convenient
scheme below the SUSY particle threshold. We adopt this scheme even above the threshold, because
the dierence from the results in the MS is found to be numerically very small [1] as long as the
logarithms of the ratios s=m2SUSY are not too large.
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M2 = 1.2M1 = 1.4µ
M2 = 1.1M1 = µ
((dσ/dcosθ)MSSM−(dσ/dcosθ)SM)/(dσ/dcosθ)SM  (θ=90
o)
Figure 1: The test of decoupling of the chargino and neutralino contributions. The deviation of the
helicity summed cross section from the SM value versus 1/M22 is shown at
p
s = 200 GeV and the
scattering angle  = 90, where M2 is the gaugino mass. The solid line is for M2 = 1:2M1 = 1.4,
and the dashed line is for M2 = 1:1M1 = .































in all the form factors, and we retain only terms up to O(g^4SM). Hereafter, we perform this pro-
cedure in all our calculations. As a result of the expansion by SM coupling, there is exactly no
renormalization point dependence in our calculation.
In the large mass limit for charginos and neutralinos, the one-loop amplitudes behave as








In the original expression for the amplitudes in terms of the MSSM MS couplings, the constant term
A remains nonzero because higher order terms of O(g^6) do not cancel exactly. On the other hand, in
our scheme in which such higher order terms are systematically eliminated in the analytic expressions,
the term A in Eq. (4.6) is exactly zero, and the decoupling of the chargino and neutralino eects is
made manifest. This property of the exact decoupling in our scheme can be used for an excellent test
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1 2 3 4 5 6 7
Parameter
sgn() + − + − + + +
tan 3 3 50 50 3 3 3
m˜−1 (GeV) 110 110 110 110 130 150 170
Table 2: The parameter sets for gures of showing jj dependence. Sets 1−4 are for Fig. 3(a),
Fig. 4(a), and Fig. 6(a). Sets 5−7 are used in Fig. 5.
of the one-loop calculation including the overall normalization factors such as the W -boson wave-
function renormalization constants that are not tested by the BRS sum rules. Figure 1 shows the
chargino and neutralino contributions in the helicity summed dierential cross section as a function
of 1/M22 at
p
s = 200GeV and the scattering angle  = 90, where M2 is the gaugino mass. The
solid line is for M2 = 1:2M1 = 1.4, and the dashed line is for M2 = 1:1M1 = . We can see that
the helicity summed dierential cross section in the MSSM becomes that of the SM in both cases at
large mass of the gaugino.
5 Numerical evaluation of the chargino and neutralino ef-
fects on e+e− ! W +W−
Having tested the numerical program in the last section, we are ready to study the one-loop
chargino and neutralino contribution to the e+e− ! W+W− helicity amplitudes. We present here
the results of the one-loop contributions to the helicity amplitudes as a function of the Higgs mixing
parameter  as well as of the e+e− collider energy
p
s.
In Secs. 5.1 to 5.3, we show the results for CP conserving cases. The free parameters in the
chargino and neutralino sectors are then the  parameter (and its sign), the ratio of the vacuum
expectation value tan , and the soft SUSY breaking gaugino masses M1 and M2 for U(1) and
SU(2), respectively. For simplicity, we assume the relation M1 = 5M2s^
2=3c^2 throughout this paper.
The MSSM parameter sets (set 1 to set 7) that we adopt for the gures showing the  dependences
are summarized in Table 2. The two signs of the  parameter, the two extreme values of tan (3 and
50), and four values of the lightest chargino mass (m˜−1
= 110; 130; 150, and 170 GeV) are examined.
The
p
s dependences of the helicity amplitudes are studied in the MSSM parameter sets (set A to
set E) given in Table 3. All ve cases are for m˜−1
= 110 GeV, tan  = 3, and sgn() = +. They
have dierent values of the ratio =M2. The last case (set E) has CP -violating phases ’1 and ’ of
M1 and M, respectively. In Sec. 5.4, we discuss the case of nonzero ’1 and ’ in set E of Table 3.
We show the one-loop contributions of charginos and neutralinos to each helicity amplitude in
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A B C D E
Parameter
 (GeV) +120 +145 +400 +1000 +130
M2 (GeV) 541 242 125 115 158
tan 3 3 3 3 3











110 110 110 110 110
m
˜−2
555 283 420 1007 207
m
˜01
99 81 60 57 75
m
˜02
123 150 111 110 105
m
˜03
285 150 403 1002 154
m
˜04
555 285 422 1007 205
Table 3: The parameters and the mass spectrum for the gures of
p
s dependence. Sets A−D are
used in Figs. 3(b), 4(b), and 6(b). Set E is the CP -violating case and used in Figs. 7(a) and 7(b).
The lightest chargino mass is xed to be 110 GeV for all sets.
the form
M MSSM −M SM
jM SMj
; (5.1)
where M MSSM are the helicity amplitudes of the MSSM in which only one-loop chargino and
neutralino contributions are considered, and M SM are those of the SM. From this expression, not
only the ratio of the SUSY contributions to the SM amplitude but also its sign (for the real and
imaginary parts) can be inferred.
The magnitude and the sign of all the SM amplitudes at the scattering angle  = 90 are shown
in Fig. 2(a) versus the e+e− collision energy
p
s. Among the tree-level helicity amplitudes, M+−=−1,
M−+=−1, and M
00
=1 are signicant for all energies. The other helicity amplitudes are reduced as
p
s






=) behave as 1=
p
s (1=s) [1]. For
p
s < 274 GeV, M0+=−1
and M−0=−1 are larger than M
00
=−1 at cos  = 0. In the following (Secs. 5.1, 5.2, and 5.3), we show the




=−1 , respectively, in the CP
conserving cases. In Sec. 5.4, we examine the loop-induced CP -violating eects on the vertex form
factors fZ4 and f
V
6 (V = γ and Z) and show their contributions to the helicity amplitudes M
0(0)
=−1 .
In Fig. 2(b), for completeness, the corresponding cross sections integrated for j cos j < 0:8 are
shown for each helicity set. The results for the helicity summed total cross section are also shown.
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(a) Helicity amplitudes  (θ=90°)
(+ −)   (τ= −1)
(− +)   (τ= −1)
(00)   (τ= −1)
(00)   (τ= +1)
(0+), (−0)  (τ= −1)
(0−), (+0)  (τ= −1)
(0+), (−0), (0−), (+0) (τ= +1)
−
(+ +), (− −) (τ= −1)














(b) Cross section  (cosθ<0.8)
 (-+)  (τ=−1)
total
(00)   (τ=-1)














Figure 2: (a) The tree-level helicity amplitudes of e+e− ! W+W− for each set of ; , and  at the
scattering angle 90. (b) The total cross section with j cos j < 0:8 for each helicity set of ; , and
 .
5.1 The chargino and neutralino contributions to Mτ
The helicity amplitudes M+−=−1 and M
−+
=−1 are the largest of all the helicity amplitudes at large
scattering angles. At the tree level, only the t-channel neutrino-exchange diagram contributes to
the (+−) and (−+) amplitudes. The one-loop contribution of charginos and neutralinos to these
helicity amplitudes comes only from the W -boson wave-function renormalization factor. Therefore,
the one-loop eects are essentially independent of the e+e− collision energy
p
s and the scattering
angle , and they are determined by a logarithmic function of the masses of charginos, neutralinos,
and the W boson.
In Fig. 3(a), we show the jj dependence in M+−=−1 at the scattering angle  = 90. The input
parameters are summarized in Table 2. The mass of the lightest chargino is xed to be 110 GeV
for all cases, so that the ratio M2= is a constant for each xed value of tan  and M1. The
e+e− collision energy
p
s is set to be at the threshold of the lightest chargino pair production; i.e.,p
s = 220 GeV. In the large jj region, the lightest chargino is Wino-like, i.e., the mass comes from
M2. We conrmed numerically that in the limit of  ! 1, the deviation becomes constant for .
This reflects the fact that the lightest chargino is purely Wino-like, and the eect of the Higgsino
decouples from the one-loop helicity amplitudes M+−=−1 and M
−+
=−1. The deviation at jj = 1000 GeV
is about 0.08% for set 1−4. For smaller jj values, M2 becomes larger so that the lightest chargino
contribution becomes smaller because of decoupling. On the contrary, for jj around 110 GeV, the
lightest chargino is Higgsino-like, i.e., m˜−1
 jj. For smaller values of jj, a larger Higgsino-like
contribution appears. The Wino-like contribution, which is enhanced for the large jj region, and the











(1) tanβ=3,    µ>0
(2) tanβ=3,    µ<0
(3) tanβ=50,  µ>0
(4) tanβ=50,  µ<0




SM|  (τ = −1)
mχ1
∼ =√s/2=110GeV












(b) Re(Μ+ −MSSM − Μ
+ −
SM)/|Μ+ −SM|  (τ = −1)
Figure 3: The dependence on (a) jj and (b)ps of the chargino and neutralino one-loop contributions
to M+−=−1 are shown at  = 90
 for m˜−1 = 110 GeV. In Fig. (a), parameters of set 1 to set 4 in
Table 2 are used. The e+e− collision energy
p
s is 220 GeV. In Fig. (b), parameters of set A to set









(1) tanβ=3,   µ>0
(2) tanβ=3,   µ<0
(3) tanβ=50, µ>0
(4) tanβ=50, µ<0

























Figure 4: The dependence on (a) jj and (b)ps of the chargino and neutralino one-loop contributions
to M00= are shown at  = 90
 for m˜−1 = 110 GeV. In Fig. (a), parameters of set 1 to set 4 in Table 2
are used. The e+e− collision energy
p
s is 220 GeV. In Fig. (b), parameters of set A to set D of
Table 3 are used.
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deviation reaches its minimum at jj = 140 GeV for set 1 and jj = 124 GeV for set 3 and set 4. For
set 2, the deviation monotonically increases, because in this case M2 is similar to or less than  even
around  = 110 GeV, so that the Higgsino contribution is smaller than the Wino contribution. The
results for set 3 and set 4 are similar, because the mass eigenstates of the chargino and neutralino
elds are common between set 3 and set 4 in the limit of large tan.
In Fig. 3(b), M+−=−1 is shown as a function of the e
+e− collider energy
p
s at  = 90 for the
parameters of set A to set D in Table 3. The lightest chargino mass is again xed to be 110 GeV,
and  is assumed to be positive and 120, 145, 400, and 1000 GeV for set A, set B, set C and set
D, respectively. The corrections are insensitive to
p
s, because there is no Feynman diagram of one-
loop charginos and neutralinos which contribute to M+−=−1. As we do not include the SM one-loop
diagrams, the renormalization scale R dependence which comes from the SM running eect in the
MS couplings remains in our calculation. By setting R to be
p
s, an articial tiny ln s dependence
appears in M+−=−1.
The magnitude of the chargino and neutralino contributions to (+−) is small.
5.2 The chargino and neutralino contributions to M00τ
The one-loop corrections to the trilinear gauge couplings are expected to aect the helicity am-
plitude M00 signicantly, because M
00
 includes contributions from s-channel Z boson and photon
exchange diagrams.
In Fig. 4(a), we show the eects of charginos and neutralinos on M00 ( = ) at  = 90 and at
the threshold of the lightest chargino-pair production (
p
s = 220 GeV) when m˜−1
= 110 GeV. The
four curves each for  = −1 and +1 correspond to the parameter sets (set 1 to set 4) in Table 2.
Like M+− , the Wino eects dominate in the large jj region, while the Higgsino contributes for the
small jj region. The eects grow at large values of jj for  = −1 for all cases, up to about 0.7% at
jj = 1000 GeV, whereas they remain small for  = +1, at around the −0:1% level.
In Fig. 4(b), the one-loop contributions of charginos and neutralinos to M00=1 are shown as a
function of
p
s at  = 90 for tan=3 and  > 0. The four sets of parameters (sets A to D)
correspond to the dierent values of jj as listed in Table 3. Let us see the  = −1 amplitudes rst.
Sharp peaks can be seen for each curve, which correspond to the thresholds of pair production of the
lightest charginos and the two lightest neutralinos. The deviation at the threshold (
p
s=220 GeV)
can reach 0:36% for set A, 0:19% for set B, 0:55% for set C, and 0:72% for set D. For  = +1, the
chargino and neutralino corrections from the SM are negative, and hence they interfere constructively
with the negative SM amplitude (see Fig. 2(a)). The deviations from the SM prediction at
p
s=220
GeV are 0:0% for set A, −0:15% for set B, and −0:08% for set C and set D. The deviations from the
SM are −0:31% at the rst threshold of neutralino production and −0:33% at the second threshold
of neutralino production for set B. Notice that the tree level amplitude of M00=−1 is already twice
that of M00=+1, so that the one-loop chargino and neutralino contributions to M
00
=−1 at the threshold
of light chargino pair production are much larger than those to the M00=+1 amplitude.









(1) mχ1~=√s/2=110GeV(5) mχ1~=√s/2=130GeV(6) mχ1~=√s/2=150GeV(7) mχ1~=√s/2=170GeV
Re(Μ00MSSM − Μ
00
SM)/|Μ00SM|  (τ = −1)
Figure 5: The jj dependences of the chargino and neutralino one-loop contributions to M00 are
shown for m˜−1
= 110, 130, 150, and 170 GeV . The e+e− collider energy
p









(1) tanβ=3,   µ>0
(2) tanβ=3,   µ<0
(3) tanβ=50, µ>0
(4) tanβ=50, µ<0




SM|  (τ = −1)
mχ1
∼ =√s/2=110GeV














(b) Re(Μ0+MSSM − Μ
0+
SM)/|Μ0+SM|  (τ = −1)
Figure 6: The dependence on (a) jj and (b)ps of the chargino and neutralino one-loop contributions
to M0+=−1 are shown at  = 90
 for m˜−1 = 110 GeV. In Fig. (a), parameters of set 1 to set 4 in
Table 2 are used. The e+e− collision energy
p
s is 220 GeV. In Fig. (b), parameters of set A to set
D of Table 3 are used.
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function of jj. The four curves in the gure correspond to set 1, 5, 6, and 7 of Table 2, in which
the mass of the lightest charginos are set to be 110, 130, 150, and 170 GeV, respectively. In the
large jj region where the lightest chargino is Wino-like, the deviation from the SM value is reduced
as m˜−1
grows. The deviation at jj = 1000 GeV changes from 0.72% to 0.64 % when m˜−1 is taken
to be 110 GeV (set 1) and 170 GeV (set 7). For smaller values of jj where the lightest chargino is
Higgsino-like, the value of the biggest Higgsino contribution at the threshold of the lightest chargino
pair production is almost the same for all cases and is about 0.4%.
5.3 The chargino and neutralino contributions to M0+τ=−1 and M
−0
τ=−1
As already mentioned, the tree-level helicity amplitudes of M0+ and M
−0
 behave as O(1=
p
s), so
that they are substantial only at relatively low energies.
We here present results for the chargino and neutralino one-loop contributions to M0+=−1 in
Figs. 6(a) and 6(b). We nd similar characteristics to the corrections to M00=−1, whose details
have already been discussed. The magnitude of the deviation from the SM amplitudes is no larger
than that of M00=−1 for each parameter set at the threshold of light chargino pair production.
5.4 The CP -violating effects
In the general MSSM, there are new CP -violating phases. CP -violating form factors for the
WWγ and WWZ vertices (fV4 , f
V
6 , and f
V
7 with V = γ and Z) can be induced beyond the tree level
due to the SUSY particle loops.
The CP -violating phases in the chargino and neutralino sectors arise from the  parameter and
the gaugino mass parameters M1 and M2. The other sector of the MSSM Lagrangian also includes
CP -violating phases, such as in the gluino mass parameter M3 and the trilinear A terms of sfermions.
The experimental upper bounds on the electric dipole moments (EDM’s) of electrons and neutrons
provide very severe constraints on those CP -violating phases [13]. It has been found that internal
cancellation of the phases in the EDM’s may still allow for relatively large CP -violating phases [14].
Large CP -violating phases in the chargino and neutralino sectors are possible without contradicting
the EDM constraint, if the parameters for sleptons and squarks of the rst generation are adjusted.
As we can take the phase of M2 to be 0 by rephasing, the dependence on the phase of  (’) and that
of M1 (’1) is examined in this paper. Here, we study the case in which the large CP -violating eects
on the WWγ and WWZ coupling appear, and examine the deviation in the helicity amplitudes from
the CP conserving case. We note that our numerical results in this section are consistent with the
result previously obtained by Kitahara et al. [15].
Among the 18 physical form factors of e+e− ! W+W− (see Eq. (2,2)), F4, F6, and F7 have
the CP -odd property. Chargino and neutralino triangle type diagrams for the triple gauge vertices




6 , and f
Z(1)
6 at one loop.
We note that the chargino and neutralino loop diagrams do not contribute to f
V (1)
7 , so that F7 is zero
(The relation between the form factors Fi; of the e
+e− ! W+W− amplitude and the form factors
fVi of the WWV vertices).
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Re( f Z4 )
Im( f Z
 4 )
(a) Re( f Z4 ), Im( f Z 4 )






















(b) Re( f γ
 6 ), Im( f γ 6 ),Re( f 6 Z ),Im( f 6Z )
Figure 7: The
p
s dependences of f γ6 and f
Z
6 are shown for ’1 = ’ = 2/3. The lightest chargino
mass is xed as 110 GeV and =130 GeV. The parameters of set E in Table 3 are used.
In Fig. 7(a), the real part (solid curve) and the imaginary part (dotted curve) of fZ4 are shown
as a function of
p
s for the parameters of set E in Table 3. The lightest chargino mass is xed to be
110 GeV, jj is 130 GeV, and tan  = 3. The CP -violating phases ’1 and ’ are taken to be 2=3.

























s = 180, 229, 259, 280, or 310 GeV, respectively. The real part has a peak at each threshold,
while the imaginary part shows a rapid s-wave rise above the threshold. The magnitude of Re(fZ4 )




s dependences of the real part and the imaginary part of f γ6 and f
Z
6 are shown in Fig. 7(b)
for the same parameter choice as in Fig. 7(a); i.e., set E of Table 3. The solid and dashed curves
correspond to Re(fγ6 ) and Im(f
γ
6 ), while the dot-dashed and dotted curves represent Re(f
Z
6 ) and
Im(fZ6 ), respectively. In the one-loop triangle diagrams for γW
+W−, only the chargino loops appear
with the diagonal vertices γ˜−i ˜
+









production are seen at 220 and 414 GeV, respectively. At the lightest chargino pair production
threshold, the magnitude of Re(fγ6 ) can reach about 10
−3. We note that at
p
s = 220 GeV the
maximal value of f
γ(1)
6 strongly depends on tan; it is 0.0017, 0.0013, or 0.00027 for tan = 1; 2,
and 10, respectively. For larger tan, smaller values of f
γ(1)
6 are obtained. On the other hand,
fZ6 shows more complicated behavior due to the threshold structure of neutralino pairs as well as







3). The dotted line is the imaginary part of f
Z
6 . The magnitude of the imaginary part is
as large as that of the real part.
In Fig. 8, contour plots of (a) Re(fZ6 ), (b) Im(f
Z
6 ), (c) Re(f
γ
6 ), and (d) Im(f
γ
6 ) are shown in the
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Figure 8: The contour plots of f γ6 and f
Z
6 are shown in the ’1-’ plane. The e
+e− collision energyp




6 ), and Im(f
γ
6 ), respectively.
The lightest chargino mass m˜−1
is xed as 110 GeV, and jj is taken to be 130 GeV.
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s dependences of the chargino and neutralino contributions to the real part and the






=−1 are shown at  = 90
 for m˜−1 = 110 GeV.
The CP phases ’1 and ’ are set to be 2/3. jj is xed to be 130 GeV. The parameters of set E
in Table 3 is used. The helicity amplitude MMSSM(full) contains contributions from all form factors,
while MMSSM(f4, f6) includes only the contributions from the form factors F4 and F6.
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’1-’ plane. The lightest chargino mass is xed as 110 GeV. We have chosen jj to be 130 GeV,
where relatively large values of f γ6 and f
Z
6 are observed. The relation jM1j = jM2j5s^2=3c^2 is used
even though we allow M1=M2 to have an arbitrary phase ’1. The value of M2 is set so as to give the
mass of the lightest chargino to be 110 GeV with tan=3. We also choose
p
s to be 182, 200, 220,




6 ), and Im(f
γ
6 ), respectively, where the form
factors are relatively large (See Figs. 7(a) and 7(b)). ’1 and ’ are allowed to vary between 0 and
2. As shown in the gures, both fZ6 and f
γ
6 take their maximum or minimum at around ’1 = ’
=2=3 or 4=3. Re(fZ6 ) (Im(f
Z
6 )) can be 1.5 (1.3) 10−4, while Re(fγ6 ) (Im(fγ6 )) can be larger than
9.0 (6.0) 10−4.
In Figs. 9(a) to 9(d), we show the eects of nonzero fZ4 and f
Z;γ
6 on the helicity amplitude of
M0+, M−0, M+0 and M0− (see Eqs. (2.3c) and (2.3b)). In Fig. 9(a) (9(b)), the real (imaginary) part
of the deviation in M0+, and M−0 with  = −1 from the SM prediction is shown for (1 and 3) the
full one-loop chargino and neutralino eects and (2 and 4) only the eects from f4 and f6. Similarly,
in Fig. 9(c) (9(d)), the real (imaginary) part of the deviation in M+0 and M0− is shown for (1 and
3) the full one-loop chargino and neutralino eects and (2 and 4) only the eects from f4 and f6. We
note that the pure eect of the CP -violation can be measured by the dierence between M0 and
M0 :
M0 −M0 = −i
p
2sγ [F4;  F6; ] : (5.2)
As shown in Figs. 9(a) and 9(b) (9(c) and 9(d)), the CP -violating eect M0+MSSM−M−0MSSM (M+0MSSM−
M0−MSSM) can be of the order of 0.1% (a few times 0.1%) as compared to the size of jM0+SM( = −1)j
(jM+0SM( = −1)j) just after the threshold of the lightest chargino-pair production. The correction to
M+0 (or M0−) is larger than that to M0+ (or M−0), because the SM value for the former is smaller
than for the latter.
6 Discussion and Conclusion
In this paper, we have studied one-loop contributions of charginos and neutralinos to the helicity
amplitudes of e+e− ! W+W− in the MSSM.
The form factors are calculated at one loop in the MS scheme. In order to establish the validity
of our one-loop calculation, we tested the one-loop form factors by using the BRS sum rules among
the form factors between e+e− ! W+W− and e+e− ! !+W−. Furthermore, overall factors such as
the wave-function renormalization factor, which cannot be tested by the BRS sum rules, are tested
by the use of the decoupling property of the SUSY particles in the large soft-breaking mass limit.
As pointed out in Ref. [1], this procedure for testing the one-loop calculation works well when we
reexpand the one-loop expression of the form factors by the MS couplings of the SM and truncate
the higher order terms. These tests at the numerical level ensure the consistency of our one-loop
calculation scheme and our numerical program.
The use of the SM MS coupling constants as expansion parameters for our perturbation calculation
is valid around and below the thresholds of the light SUSY particle pair production. However we
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have adopted this calculation scheme for even higher energy scales, where the original MS scheme
with the MSSM coupling constants should be more appropriate for the resummation of logarithmic
terms of the type ln s=m2SUSY. In Ref. [1], we evaluated the error of our calculational scheme at high
energies in the case of sfermion loop contributions. The numerical dierence in M00=−1 between our
scheme and the usual MS scheme is at most around 0.01% for energies below a few TeV.
We have not included the one-loop diagrams for the SM particles in our calculation. We have
shown most of our results as a deviation from the SM prediction.
For numerical evaluation of the helicity amplitudes, the SUSY parameters in the chargino and
neutralino sectors are chosen so as to satisfy the constraints from the current experimental data; i.e.,
results from electroweak precision measurements at the Tevatron and LEP2, direct search results for
the chargino and neutralino at LEP2, as well as the current EDM data. Under these constraints, we
took the mass of the lightest chargino as light as possible to obtain large corrections.
In the CP conserving case, we showed results for the chargino and neutralino contributions to
the helicity amplitudes M+− ,M
00
 , and M
0+
 . Like the sfermion loop eect, the amplitude for the
mode of the longitudinally polarized W -boson pair production M00=−1 is found to be the most useful
to study the chargino and neutralino contributions, having relatively large loop eects as compared
to those for other helicity sets. Unlike the sfermion loop eects given in Ref. [1], the enhancement at
each threshold of the chargino- or neutralino-pair production is sharp because of the s-wave nature
of the fermion-pair production threshold. The corrections to the SM prediction for the helicity
amplitude M00=−1 can be as large as −0:7% at the threshold of the lightest chargino-pair production
for large scattering angles. Therefore, we found that the typical value of the chargino and neutralino
contribution is larger than that of the sfermion contribution.
We also studied the eects of CP -violating phases in the chargino and neutralino sectors on the
helicity amplitudes. The CP -violating factors fZ4 and f
V
6 (V = γ and Z) of the V W
+W− vertices
are induced at one-loop level due to the triangle diagrams of charginos and neutralinos. Another
CP -violating factors fV7 are not induced from these diagrams and remains zero. The size of the loop-




6 can be of the order of 10
−3 when the CP -violating phases of
the chargino and neutralino sectors are around ’1 ’ ’ ’ 2=3 and 4=3 for jj = 130 GeV. These




6 can aect the helicity amplitudes M
0
=−1
and M0=−1. In paticular, for a large scattering angle (cos  ’ 0), the dierence M0=−1 − M0=−1




6 . We nd that the CP -violating eect on
M0+=−1 −M−0=−1 (M0−=−1 −M+0=−1 ) in the chargino and neutralino sectors can be as large as a few
times 0.1% of the SM prediction for M0+=−1 (M
+0
=−1).
In conclusion, the correction from the chargino and neutralino contributions to e+e− ! W+W−
can be as large as O(1%) in amplitude, which is much larger than that of the sfermion contribution.
The loop-induced CP -violating eects from the phases in the chargino and neutralino sectors can
provide corrections of O(0:1%) in amplitude.
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A The Lagrangian
In this paper we are concerned with the chargino and neutralino contributions to one-loop e+e− !
W+W− amplitudes. The purpose of this appendix is to provide all masses, mixing angles, and
couplings that are required to reproduce and use our results. We begin by discussing the chargino
and neutralino mass matrices. We will consider two CP -violating phases of the  parameter and the
gaugino mass M1, which are denoted ’ and ’1, respectively.
A.1 Chargino mass eigenstates












+ h:c: ; (A.1)

















where the chargino mass m
˜−i
































































A.2 Neutralino mass eigenstates
















+ h:c: ; (A.7)




i’1 0 −mZsW c +mZsW s
0 M2 +mZcW c −mZcWs
−mZsW c +mZcW c 0 −ei’µ
+mZsW s −mZcW s −ei’µ 0
 : (A.8)








Because the neutralinos are Majorana fermions, the mass matrix MN is symmetric (M
T
N = MN ).
Therefore the two unitary matrices UNL and U
N
R can be chosen the same, except for the phase matrix







NPN ; PN = diag(e
i1=2; ei2=2; ei3=2; ei4=2; ) ; (A.10)








































It is worth noting here that with the above phase convention the mass-eigenstate neutralino elds
satisfy the Majorana condition
(˜0iL)
c = ˜0iR ; (A.14)
and hence for the four-component Majorana elds
(˜0i )
c = ˜0i : (A.15)
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A.3 Chargino−gauge boson and neutralino−gauge boson interaction
The interactions of gauge bosons with charginos and neutralinos are given by
LV˜˜ = g˜1˜2V ˜1γP˜2V ; (A.16)
where  = 0 and − and V = γ and Z are implied. The couplings of the chargino-neutralino-




































































































R = e: (A.18c)

























The interaction with charge conjugated fermions of Eq. (A.16) can be rewritten by
L = g˜c1˜c2V ˜c1γP˜c2V; (A.20)
















R = −g˜2˜1VL : (A.21)
The minus sign arises because of the charge conjugation of the vector current.
A.4 Chargino−Goldstone boson and neutralino−Goldstone boson inter-
action
The interactions of the Goldstone boson with charginos and neutralinos are given by
L!˜˜ = g˜1˜2! ˜1P˜2!: (A.22)


































































sin  : (A.23b)
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i 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
f
γ (0)
i 1 2 −1 1
f
Z (0)
i 1 2 −1 1
f
t (0)
i 1 2 1 1 −2 2




i , and f
t (0)
i in Eq. (B.1). Only nonzero values are shown.
The interaction with charge conjugated fermions of Eq. (A.22) can be rewritten as
L = g˜c1˜c2! ˜c1P˜c2! ; (A.24)




















B Chargino and neutralino effects on the form factors
B.1 Form factors F˜i,τ and F
(1)ext
i,τ
The F˜i; are expressed by






1− γγT;γ(s) + Γ e1 (s)
)






























































i; (s; t) ; (B.1)




T;Z are given in Appendix B 3.
The vertex coecients fVi are divided into the tree contribution and the one-loop vertex contri-
bution according to Eq. (3.7),




i (s) ; (B.2)
where V = γ and Z. The nonzero tree-level values f
V (0)
i are given in Table 4. The vertex functions




3 , and Γ
e
4 , also appear in the e
−e+ ! ff amplitudes [11].
The vertex functions Γ eW and Γ eW appear in charged current processes; they contain eW vertex
corrections as well as two-point function corrections for the external electrons and W bosons and the
internal neutrino propagator. Finally, the F
[Box]
i; terms account for contributions of box diagrams.
In the limit of heavy SUSY particles except for the chargino and neutralino that we study in this
24







eW , and Γ eW and the box corrections are small
and we can set them to zero.
Next, for the part of the corrections to external W -boson lines, F
(1)ext
i; , we have only to discuss
the cases in which all the external W bosons are physical ( or  = 0;1);
F
(1)ext


















where i = 1 - 9 and ZW is the wave-function renormalization factor of physical W bosons with
helicities  or  = 0;, and its chargino and neutralino one-loop contributions are given in Appendix
B 3.
B.2 Form factors Hi,τ(s; t)
The Hi; (s; t) are expressed by






1−γγT;γ(s) + Γ e1 (s)
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i; (s; t) : (B.4)
The vertex form factors are written as the sum of the tree-level and one-loop contributions by




i (s) ; (B.5)
for V = γ, Z. The tree-level form-factor coecients h
V (0)
i are given by h
γ (0)
i = i 1 and h
Z;(0)
i =
−(s^2=c^2)i 1. The hV (1)i (s) come from the one-loop 1PI V W vertex corrections. The chargino
and neutralino contributions to h
V (1)








e! and the box diagrams H
[Box]
i; that connect with initial e
 lines
turn out to be zero for the chargino and neutralino contributions.
B.3 Two-point functions
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j(NL)ijj2 + j(NR)ij j2
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j(CL)ij j2 + j(CR)ij j2
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 )2j ; (B.7b)








L )3j − (UNL )4i(UNL )4j
}
: (B.7c)
Here  = L or R in Eqs. (B.7a) and (B.7b).
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where V1, V2, and V3 denote the gauge bosons. The one-loop chargino and neutralino contributions




















W − 1 : (B.9)
B.4 V W+W− triangle vertex functions
We discuss one-loop chargino and neutralino contributions to the V W+W− triangle vertex dia-
gram [17]. The assignments of mass, momentum, and helicity of the couplings are shown in Fig. 10.
For evaluation of the loop integrals we use the convention of incoming momenta; hence we use
























Figure 10: Mass and momentum assignments for the calculation of the chargino and neutralino



























Figure 11: Feynman graphs contributing to the V W+W− vertex are shown. The mass and momen-
tum assignments are shown in Fig. 10.
structure of the triangle diagram (Fig. 11) is given by


















where the tensor structures of T i are listed in Ref. [8]. The subscript \INOT" denotes \INO
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∑
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C35 − 4− 2D
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4m2W (−C31 + C32 + 3C33 − 3C34 − 2C21 − 2C22 + 4C23 − C11 + C12) : (B.11m)
The next step is to provide the correct couplings and masses and then sum over all triangle













































































where summation over charginos and neutralinos is implied.
B.5 V !+W− triangle vertex functions
We discuss one-loop chargino and neutralino contributions to the V !+W− triangle vertex diagram.
The assignments of mass, momentum, and helicity of the couplings are in Fig. 12. Dropping the



















where the tensor structures of Si are listed in Ref. [8]. The nonzero S
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m2W




































Figure 12: Mass and momentum assignments for the calculation of the chargino and neutralino



























Figure 13: Feynman graphs contributing to the V !+W− vertex are shown. The mass and momentum
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mimW (C11 + C0) +
∑
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mjmW (−C11 + C12) +
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mimW (−2C11 − 2C0) +
∑
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mkmW (2C21 − 2C22 + 2C11) : (B.15d)
The next step is to provide the correct couplings and masses and then sum over all triangle
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